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The impact of severe plastic deformation by high-pressure torsion on the relaxation of the glassy and supercooled liquid
states of Pd40Ni40P20 was investigated using a combination of differential scanning calorimetry, low-temperature heat
capacity and fluctuation electron microscopy. The changes in the calorimetric signals due to deformation and subse-
quent heat treatments were analyzed and a correlation between deformation (rejuvenation) and annealing (relaxation)
was found in relation to medium-range order (MRO). Moreover, a coupling between the occurrence of an exother-
mic peak in the supercooled liquid state and specific changes in the MRO types were identified. These findings are
comprehended in a potential energy landscape scheme offering a new approach for MRO engineering of glasses.
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I. INTRODUCTION
Monolithic metallic glasses are formed from the liquid
phase upon cooling when crystallization is avoided. Most
metallic liquids have low viscosity favoring nucleation and
growth of crystalline seeds which makes glass formation dif-
ficult or even unlikely to happen. Eutectic alloys, such as
Pd40Ni40P20 having a deep melting point, are predestined to
produce bulk metallic glasses (BMGs) since slower cooling
rates (∼ 101 K/s) lead to the desired glassy state1–4. More-
over, Pd40Ni40P20 exhibits good glass-forming ability3–5 and
mechanical properties (ductility)6–8. Depending on the cool-
ing rate, the cast-material inherently attains variations of local
atomic structures corresponding to higher and lower energy
states9. The higher energy states of the as-cast material can be
manipulated by annealing which causes relaxation, i.e. aging,
of the glassy state to lower energies1,10,11. The opposite pro-
cess is called rejuvenation, that is bringing the glassy material
to higher energy states. This can be achieved for instance by
deformation12,13, cycling in the elastic regime14 or cryogenic
cycling15–17 which locally ”warps“ the potential energy land-
scape (PEL). However, the underlying mechanisms for aging
and rejuvenation are still not fully understood.
In this study we address relaxation and rejuvenation of
Pd40Ni40P20 by annealing both severely plastically deformed
and as-cast material below the glass transition temperature.
Calorimetric measurements of severely deformed material re-
vealed a significant exothermic signal in the supercooled liq-
uid below the crystallization peak. To unveil the origin of this
exothermic peak its thermodynamic state was frozen-in by
rapid-quenching in the calorimeter. The corresponding mate-
rials’ states were characterized with respect to their medium-
range order (MRO) to show the structural changes taking
place during aging and rejuvenation. It worth noting that the
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individual materials’ states investigated were fully amorphous
after all treatments. The obtained results identify a coupling
between the MRO with the thermo-mechanical history of the
BMG and the corresponding PEL.
The current paper is structured as follows: First, we show
that thermo-mechanical treatments via a combination of room
temperature high pressure torsion (HPT) and subsequent an-
nealing give rise to significant changes in the calorimetric
response in the supercooled liquid region measured by dif-
ferential scanning calorimetry (DSC). Low-temperature heat
capacity measurements (PPMS) were performed in order
to reveal changes in the atomic vibrational spectra which
are related to the excess free volume distribution18,19 and
thus atomic arrangements. To investigate the correspond-
ing amorphous structure in detail, fluctuation electron mi-
croscopy (FEM) was employed to determine the MRO fin-
gerprint (size7,20, relative volume fraction21,22 and types23,24)
of each materials’ state20,25–31. Finally, these findings are dis-
cussed in terms of a PEL scheme offering a new approach for
MRO engineering of glasses.
II. MATERIALS AND METHODS
Pd40Ni40P20 BMG was produced by ingot copper mold
casting under Ar atmosphere. Prior to casting, the sample was
fluxed with boron oxide (B2O3) and subsequently cycled three
times between 900 and 1000 °C for purification32. The sample
size of the ”as-cast“ state was 30×10×1 mm3.
HPT deformation was performed applying N = 10 rota-
tions. Disk-shaped samples were used having a diameter
of 10 mm and a thickness of 1 mm. The samples were po-
sitioned between two anvils (one flat and one with a suit-
able cavity) and rotated with a speed of 1 rpm under a quasi-
hydrostatic pressure of 4 GPa. The shear strain, γ , estimated
by γ = 2piNh · r2 , where r and h are the radius and thickness of
the samples, at the half radius of the samples (positions, from
where the samples were taken) was equal to 314%. Usually,
the microstructure evolution across the disc diameter is het-
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2TABLE I. Compilation of samples and analytical techniques.
”sample state“ (color code) XRD DSC [Fig. 1] PPMS [Fig. 2] FEM [Figs. 3 and 4]
1. ”as-cast“ (black) X X X X
2. ”10 HPT“ (blue) X X X X
3. ”as-cast + annealed 561 K 2 h“ (red) X X X X
4. ”10 HPT + annealed 561 K 2 h“ (purple) X X X X
5. ”10 HPT + heated to 648 K“ (orange) X − − X
6. ”10 HPT + annealed 561 K 2 h + heated to 648 K“ (brown) X − − X
erogeneous. However, for N = 10 rotations the shear defor-
mation can be treated as reasonably homogeneous except near
the center and at the near-edge regions33–37. In the following,
this sample state is called ”10 HPT“.
The amorphous state of all samples was confirmed using a
Siemens D5000 diffractometer with Cu-Kα radiation. DSC
was performed on ”as-cast“ and ”10 HPT“ sample with a
Perkin Elmer Diamond DSC device using a heating/cooling
rate of 20 K/min. All measurements shown are baseline cor-
rected. Moreover, it is worth noting that the glass transition
temperature Tg is defined here as the temperature at which the
integrated heat release corresponding to the supercooled liq-
uid equals that of the relaxation state13,38. Relaxation exper-
iments were performed under Ar atmosphere via isothermal
holding in the DSC at 561 K for 2 hours. These two addi-
tional sample states are called ”as-cast + annealed 561 K 2 h“
and ”10 HPT + annealed 561 K 2 h“ which were also investi-
gated by DSC. Moreover, two more sample states were gener-
ated from the ”10 HPT“ and ”10 HPT + annealed 561 K 2 h“
sample states and ”frozen in“ by rapid quenching (100 K/min)
from the supercooled liquid at 648 K in the DSC and called
”10 HPT + heated to 648 K“ and ”10 HPT + annealed 561 K
2 h + heated to 648 K“. A compilation of all samples and an-
alytical techniques used in this study is given in Tab. I.
Low-temperature heat capacity measurements were per-
formed with a physical properties measurement system
(PPMS, Quantum Design) in the temperature range between
1.9 and 100 K2,39,40. The specific heat capacity was measured
at constant pressure. The samples were placed on a holder
using low-temperature grease to give a good thermal contact.
Each measurement consisted of two parts: (1) the so-called
addenda, which determined the specific heat capacity of the
holder and the grease; (2) under identical parameters, the spe-
cific heat capacity of the complete assembly, i.e. the holder,
grease and sample. Subsequently, the specific heat capacity of
the sample was obtained by subtracting the addenda from the
second measurement41. Debye’s theory for the specific heat
capacity of solids gives the phonon contribution to the total
heat capacity of the metallic glass samples at low tempera-
tures:
CPhp =Cp− γT , (1)
whereCPhp is equal to βT 3 at low temperatures; γ and β are the
electronic and phononic (Debye) contributions, respectively.
Cp denotes the measurements of the specific heat capacity as
a function of temperature. The characteristic low-temperature
anomaly of the specific heat capacity in glasses is termed ”bo-
son excess peak“42,43. Plotting CPhp /T
3 versus T reveals the
deviation from the Debye-like behavior at low temperatures
due to scattering of the quasi-phonons of the glass at struc-
tural heterogeneities2,13,39,40,44.
Samples, having a diameter of 3 mm and a thickness of
70 µm, were prepared for transmission electron microscopy
(TEM) by electropolishing. A TenuPol-5 device with a BK2
electrolyte45 was used at a voltage of 16.8 V keeping the tem-
perature of the electrolyte between −20 and −30 °C.
FEM is a microscopic technique which has been shown
to be sensitive to higher order correlation functions
such as g3 and g4 and hence to MRO in disordered
materials7,8,20,23,26–31,46. A statistical analysis of the diffracted
intensities I(~k,R,~r) from nanometer-sized volumes was used
by utilizing STEM microdiffraction25, where~k is the scatter-
ing vector, R is the probe size and ~r is the position on the
sample. Variable resolution FEM (VR-FEM) data sets were
acquired by sampling with different probe sizes, R, being sen-
sitive to MRO at different length scales. The MRO was ana-
lyzed by calculating the normalized variance profiles using a
pixel-by-pixel analysis according to the annular mean of vari-
ance image (ΩVImage(k))47. A detailed description of the anal-
ysis method is given in Refs.7,8 using the normalized variance:
V (|~k|,R) =
〈
I2(~k,R,~r)
〉
〈
I(~k,R,~r)
〉2 −1 . (2)
VR-FEM experiments were performed using a Thermo
Fisher Scientific FEI Themis G3 60-300 transmission elec-
tron microscope. The microscope was operated at an acceler-
ation voltage of 300 kV with an extraction voltage of 3.45 kV
for the X-FEG. The nanobeam diffraction patterns (NBDPs)
were acquired in µP-STEM mode to assure parallel illumi-
nation using probe sizes between 0.8 and 4.2 nm. Differ-
ent probe sizes obtained by adjusting the semi-convergence
angle48. The corresponding foil thicknesses were calculated
to be about (0.6±0.12) mean free path (MFP) or (45±9) nm
from individual electron energy loss (EEL) spectra using the
log-ratio method49. The acquisition time was set to 3.5 sec-
onds to ensure a good signal to noise ratio for the normalized
variance analysis and to avoid Poisson noise48. The acqui-
sition of the NBDPs was performed with the full CCD cam-
era at binning 4 with 512x512 pixels; the camera length was
set to 60 mm to access higher k-values. The probe diameters
3FIG. 1. DSC charts of ”as-cast“ and ”10 HPT“ (a) as well as the corresponding annealed states (b) are shown.
used for the acquisition of the NBDPs were measured with
a Ceta camera prior to the experiments using Gatan Digital
Micrograph and plugins by Mitchell50,51. It is emphasized
that all experimental parameters, i.e. thickness, probe cur-
rent (15 pA), exposure time, were similar for all six samples.
A minimum of 400 NBDPs were acquired for each sample
and probe size. Thus, the corresponding (statistical) errors are
small. X-Ray spikes on the CCD camera were removed from
the individual NBDPs before analyzing the data further. The
individual calculated normalized variance curves are shown in
the Supplementary Material Fig. S1. The results of the FEM
analyses are displayed in the form of Stratton-Voyles plots52,
in which the peak intensity of the first normalized variance
peakV (k) at k= 4.8nm−1 is plotted against 1/R2 53. Stratton-
Voyles plots make an inspection of the individual treated ma-
terials’ states with respect to the MRO changes feasible and
easier to interpret. A more detailed and recent discussion on
different models for describing FEM-based data can be found
in Ref.7. Moreover, in order to elucidate subtle differences
in the amorphous structure between the individual materials’
states differential curves ∆V(k,R) of the normalized variances
are analyzed.
III. RESULTS
A. Differential Scanning Calorimetry
Fig. 1a shows the calorimetric results (DSC) for the ”as-
cast“ and the ”10 HPT“ sample state. Plastic deformation (10
HPT) has two important effects on the calorimetric response
of the sample: firstly, the appearance of an exothermic peak
at 648 K (1) at temperatures below the onset of the crystal-
lization peak in the supercooled liquid region and secondly,
rejuvenation (2), i.e. an increase of the relaxation peak occur-
ring below the glass transition temperature (Tg).
In comparison to Fig. 1a, the effect of relaxation is shown
in Fig. 1b displayed by ”as-cast + annealed 561 K 2 h“ and ”10
HPT + annealed 561 K 2 h“. Annealing below the glass tran-
sition temperature Tg (annealing for two hours at 561 K) re-
duces the enthalpy of the exothermic peak in the supercooled
region (3) from 1.34 J/g (Fig. 1a) to 0.49 J/g (Fig. 1b). A shift
of about 6 K in Tg (4) is also noticeable. Moreover, an en-
dothermic peak (5) occurs in the supercooled liquid at about
623 K after annealing of the deformed sample. All observa-
tions are summarized in Tab. II.
FIG. 2. Boson peaks for as-cast, the 10 HPT sample as well as their
subsequently annealed (at 561 K for 2 hours) counterparts.
4TABLE II. Compilation of DSC observations extracted from Fig. 1
using the same color code.
Observation temperature range [K] ∆H [J/g] ∆Tg [K]
(1) exothermic peak 633−673 −1.34 −
(2) rejuvenation 120−300 −5.14 −
(3) exothermic peak 633−673 −0.49 −
(4) shift in Tg 578 - 583 / 570 - 576 − 5/6
(5) endothermic peak 618−628 +0.24 −
B. Low-temperature heat capacity measurements (PPMS)
Fig. 2 shows that deformation increased the boson peak
(rejuvenation) compared with the as-cast state while anneal-
ing below the glass transition decreased the boson peak for
both deformed and as-cast state (aging/relaxation) to the same
level. However, their calorimetric responses are different
(Fig. 1b). Thus, the boson peak height (low-temperature ex-
cess of atomic vibration contributions to the Debye law) can-
not explain the observed calorimetric differences in terms
of re-distribution of excess free volume. In fact, different
MRO types and relative volume fractions may explain these
changes.
C. Fluctuation Electron Microscopy
In Fig. 3 the normalized variance data Vfirst (k1st−peak =
4.8 nm−1) are plotted against (1/R2)27,52. The obtained MRO
results are presented as follows:
(i) MRO sizes displayed in the form of plateaus
(ii) relative MRO volume fractions estimated by the peak
heights
(iii) MRO type changes analyzed using the differential vari-
ance curves (Fig. 4) for representative materials’ states.
Firstly, the ”as-cast“ state in Fig. 3a reveals two ”plateaus“
in accordance with Refs.8,46,54. In comparison to the ”as-cast“
and ”as-cast + annealed 561 K for 2 h“ states (see Fig. 3a), the
”10 HPT“ state shows no distinct plateau but rather a contin-
uous decrease of the Vfirst signal with a peak at 2.8 nm probe
size (blue data points in Fig. 3b). However, after annealing
the ”10 HPT“ sample (purple data points in Fig. 3b) the dis-
tinct peak for 2.8 nm probe size disappears. Thus, the data
reveal the existence of two MRO size distributions8,46,54 with
the larger MRO size more strongly affected by the imparted
HPT deformation. Moreover, the two sample states which
have been rapidly quenched from the exothermic peak (orange
and brown data points in Fig. 3c) show two plateaus overlap-
ping to some extend, which is later discussed.
Secondly, annealing raised the magnitude of Vfirst with re-
spect to the non-annealed materials’ states as shown in Fig. 3a
for as-cast (black and red data points) and Fig. 3b for 10 HPT
(blue and purple data points). Thus, the relative MRO vol-
ume fraction(s) increased by relaxation/aging55. The magni-
tude of Vfirst ”10 HPT“ (blue data points in Fig. 3b) with re-
spect to the ”as-cast“ (black data points in Fig. 3a) state has
mainly increased within the plateaus, while a decrease in rela-
tive MRO volume fraction was observed for less severely de-
formed BMGs23,46.
However, the two sample states which have been rapidly
quenched from the exothermic peak (orange and brown data
points in Fig. 3c) show similar magnitudes and thus relative
MRO volume fractions. Moreover, it is worth noting that
the ”10 HPT + annealed 561 K for 2 h“ curve (purple data
points in Fig. 3b) and the ”10 HPT + heated to 648 K“ (orange
data points in Fig. 3c) curve show great similarities (trend of
plateaus and magnitude) with respect to MRO sizes and rela-
tive volume fractions indicating that the annealing procedure
has a similar effect as heating into the supercooled liquid fol-
lowed by rapid quenching.
Thirdly, the differential variance curves reveal structural
changes in MRO types. Representative differential curves
∆V for the most dominantly affected probe size of 2.8 nm are
shown in Fig. 4. The reproducibility and sensitivity of the
differential signal is demonstrated in a control measurement
using two independently recorded ”as-cast“ data sets (black
curve in Fig. 4).
Thus, the differential signal ∆V(k, R= 2.8 nm) affords a dis-
crimination into two different MRO types dominant at dif-
ferent k-values, i.e. k = 5.3 nm−1 - ”icosahedral-like“ and
k = 4.5 nm−1 - ”crystal-like“ for NiP56–58 and PdNiP59–61.
With respect to the ”crystal-like“ regime, it should be noted
that the presence of nano-crystals is excluded since all NBDPs
exhibit only speckle patterns29,62 for all six sample states, i.e.
no distinct crystalline peaks were observed in any diffraction
pattern. Thus, the observed differences originate only from
modified dominant MRO types.
To elucidate the nature of the exothermic peak, the ”as-cast +
annealed“ and ”10 HPT + annealed“ states were used as refer-
ences from which the states displaying the exothermic peak in
the supercooled liquid are subtracted. The corresponding two
differential signals are shown in Fig. 4.
First, the purple curve in Fig. 4 represents the differential sig-
nal between the ”10 HPT + annealed“ and the ”as-cast + an-
nealed“ state (see also the purple and red curves in Figs. 1b
and 2) prior to heating into the exothermic peak. A pro-
nounced ”crystal-like“ regime is observed.
Second, heating into the exothermic peak of the ”10 HPT +
annealed“ (see brown curve in Fig. 4) shows both, an increase
of the ”icosahedral-like“ and ”crystal-like“ order.
IV. DISCUSSION
In the following the effects caused by thermo-mechanical
treatments are discussed with respect to the structural features
obtained by FEM. Finally, the results are summarized in a
PEL scheme.
5FIG. 3. FEM analysis of the corresponding amorphous materials’ states structure showing Vfirst at k = 4.8 nm−1 plotted against 1/R2: a)
as-cast and annealed, b) 10 HPT and annealed and c) the ”frozen-in“ states of the exothermic peak.
FIG. 4. Differential curves of the normalized variance ∆V(k, R=
2.8 nm) showing significant differences originating from the exother-
mic peaks. ”Icosahedral-“ and ”crystal-like“ dominated MRO types
can be discerned.
A. Calorimetric observations by DSC and PPMS
HPT deformation performed at room temperature affected
the calorimetric signal significantly. Since the sensitivity of
calorimetric measurements to phase transformations is in the
order of several percent of the sample volume, it is con-
cluded that a relevant volume fraction of the material has been
changed to contribute to exothermic peaks, (1) and (3), in the
supercooled liquid shown in Fig. 1a,b.
The increase of the exothermic peak below Tg is typically
called rejuvenation15 (see observation (2) in Fig. 1a) and is
related to an increase of the excess free volume caused by
severe plastic deformation12,13. Here the observed structural
enthalpy change displaying the rejuvenation in Tab. II is in
good agreement with a former report12. Moreover, the shift
in Tg, here defined via the half-cp method13, is an indicator
that the individual relaxation state is influenced by both defor-
mation (∆Tg = 5/6 K - see black and blue as well as red and
purple curves in Fig. 1) and annealing (aging: ∆Tg = 7/8 K -
see black and red as well as blue and purple curves in Fig. 1).
The data shown in Fig. 1b clearly reveal that subsequent
annealing below Tg equalizes the relaxation signal. However,
changes (observation (3) and (5)) in the supercooled liquid are
observed. Their origin is now discussed.
Recent molecular dynamics (MD) simulations showed that
at the glass transition the motif distribution in metal-metal
MGs changed towards an increase in ”icosahedral-like“ order
in the supercooled liquid63. On the other hand, for metal-
metalloid MGs the influence of covalent bonding seems to
be the key parameter leading to a frustration of icosahedral
structures7,58,64–66. This different population of motifs64 may
influence the thermal stability of certain MRO types in the
BMG, even above Tg. Here, our observations indicate that
strain-induced modifications had occurred, contributing sig-
nificantly to the thermal stability of the glassy material.
Several studies have reported the existence of an exothermic
peak occurring in the supercooled liquid which was related to
a polymorphic transition between two liquids having differ-
ent densities67–69. This characteristic may also be classified a
sort of polyamorphism68,70. Kumar et al.71 performed TEM
experiments on amorphous Zr36Ti24Be40 suggesting that the
occurrence of the exothermic peak is a consequence of short-
range order rearrangements paving the way for crystallization.
Novel findings by Lou et al.72 using in-situ synchrotron X-
ray techniques also report an exothermic peak in the super-
cooled liquid. However, the observation of the exothermic
peak was related to MRO changes involving ordering towards
pre-nucleation sites72.
Moreover, additional transformations in the supercooled liq-
uid region of Pd41.25Ni41.25P17.5 were observed by Lan et al.73
using in-situ X-ray diffraction. They attributed the presence
of the exothermic peak in the supercooled liquid to changes in
the phosphorous content finally influencing the MRO struc-
ture, while for the stoichiometric ternary Pd40Ni40P20 model
alloy this was not observed74.
6In fact, the present study clearly revealed an exothermic peak
in the supercooled liquid occurring after HPT deformation for
the stoichiometric ternary Pd40Ni40P20 model alloy. Hence,
following the line of argumentation from the literature dis-
cussed above, the origin of this exothermic peak is most likely
related to strain-induced modifications which exhibit a higher
thermal stability. This interpretation is discussed with respect
to structural aspects in more depth in the FEM section.
Now we briefly discuss the endothermic signal appearing
in the supercooled liquid after subsequent annealing, which
may resemble a second glass transition (see observation (5)
in Fig. 1b). A second glass transition accompanied by an
exothermic peak in the supercooled liquid was reported for
Pd42.5Ni42.5P1561 and has been related to MRO ordering phe-
nomena. It can be hypothesized that the observation in the
present study may also be an ordering phenomenon, yet of
extremely thermally stable MRO6,8,13,75.
The calorimetric results obtained at cryogenic temperatures
via PPMS measurements showed an enhancement of the bo-
son peak after HPT deformation compared to the ”as-cast“
state (see Fig. 2). These results are related to changes in the
amount of excess free volume which is in agreement with the
rejuvenation signal observed in the DSC data (see observation
(2) in Fig. 1a and Tab. II). Thus, the structure of the glassy ma-
terial was modified by severe plastic deformation leading to an
increased heterogeneity76–80, in which different arrangements
of atoms or clusters in space locally produce an increased
amount of excess free volume2,40. However, structural ag-
ing/relaxation generally leads to a decrease in the boson peak
height12,13.
Strikingly, the present PPMS results revealed congruent boson
peak curves after annealing the ”10 HPT“ and ”as-cast“ states
(see Fig. 2). However, the calorimetric responses in Fig. 1b
are different above the annealing temperature. As a conse-
quence, the differences need to originate from different atomic
arrangements rather than the absolute amount of excess free
volume, defining the structural heterogeneity7,8. This moti-
vates a detailed investigation of the amorphous structure, here
characterized with respect to the MRO, in order to relate struc-
tural changes to the calorimetric signals.
B. Fluctuation Electron Microscopy
In this section the individual thermo-mechanical treatments
affecting the MRO microstructure (sizes, volume fractions in
Fig. 3 and types in Fig. 4) are discussed with respect to the
evolution of the exothermic peak.
Firstly, the observation of two plateaus for Pd40Ni40P20
shown in Fig. 3 is in very good agreement with former
reports7,8,54. While non-severe plastic deformation charac-
terized by the formation of individual shear bands8,23,46,81–83
also showed two plateaus7, the impact of HPT deformation
appears in the form of a continuous decrease in MRO except
the peak at 2.8 nm probe size. This deviation can be explained
by a very narrow MRO size distribution due to the severe de-
formation mode.
Moreover, the similarity of the purple curve in Fig. 3b and
the red one in Fig. 3a fits to the observation of the congru-
ent curves of the boson peaks shown in Fig. 2 confirming that
annealing leads to similar MRO sizes (plateaus) and volume
fractions estimated by the Vfirst magnitudes. Albeit, as the
corresponding calorimetric signals are different in the super-
cooled liquid (Fig. 1b), it is concluded that the MRO sizes
alone cannot explain the observed differences.
Secondly, annealing (aging/relaxation) increases the rela-
tive MRO volume fractions which is in good agreement with
previously reported results21,22,55. However, non-severe de-
formation led to a decrease in the relative MRO volume frac-
tions for shear band environments23,46 which appears, at first
glance, to be contrary to the present results. A plausible ex-
planation may be found in the severe deformation mode which
leads to very complex materials’ states. As discussed above,
this also fits to the interpretation of very narrow MRO size
distributions.
Interestingly, both rapidly quenched-in materials’ states fea-
turing the exothermic peak in Fig. 3c show a similar relative
MRO volume fraction. These seem to be correlated since
both states were quenched with identical cooling rates. An
upper boundary for the relative MRO volume fractions ap-
pears reasonable with respect to the annealed states shown
in Fig. 3a,b which may also represent a highly relaxed state.
Moreover, this agrees with the observation that the ”10 HPT
+ annealed at 561 K for 2 h“ state (see purple chart in Fig. 3b)
leads to similar MRO sizes and relative volume fractions as
the ”10 HPT + heated to 648 K“ state (see orange chart in
Fig. 3c). Since the exothermic peak in the supercooled liquid
has been discussed above with respect to the complex inter-
play of thermo-mechanical treatments with the MRO sizes and
relative volume fractions, a further discrimination in terms of
MRO types is made.
Thirdly, trends in the MRO types are exemplarily shown by
the differential signal ∆V(k, R= 2.8 nm) in Fig. 4 and are now
discussed regarding the occurrence of the exothermic peak in
the supercooled liquid. Since the previous discussion pointed
out that the exothermic peak only occurs after severe plastic
deformation, changes in the MRO type are expected. Two
dominant MRO types at k = 5.3 nm−1 as ”icosahedral-like“
and at k = 4.5 nm−1 as ”crystal-like“ were identified56–61.
Due to either deformation or annealing the population be-
tween ”crystal-“ and ”icosahedral-like“ order was changed.
By sub-Tg annealing of the HPT deformed state (see purple
curve in Fig. 4) a significant increase in ”crystal-like“ order
was achieved. It is emphasized, although the red and purple
curves appear similar in the DSC and PPMS measurements
shown in Fig. 1b and Fig. 2 until the annealing temperature
of 561 K, the MRO types are significantly changed in Fig. 4.
Moreover, while the ”icosahedral-like“ order increases when
going through the glass transition63,64 (heated to 648 K), the
”crystal-like“ order was as well increased. Thus, the differ-
ence of the DSC signal in the supercooled liquid region in
Fig. 1b is most likely related to an increase of ”crystal-like“
MRO.
To summarize our observations, the occurrence of the
exothermic peak in the supercooled liquid is caused by se-
vere plastic deformation and is related to MRO type modifi-
7FIG. 5. A schematic 2D illustration of PELs representing the ”as-cast“ state and the ”10 HPT deformed + annealed“ state. The dependence
of the total potential energy E is shown as a function of the configurational parameter X and external stimuli λ (ε, ε˙,T, T˙ , ...) corresponding to
the thermo-mechanical history. Region A (green meta-basin) displays the higher thermally stable ”crystal-like“ MRO network. Region B (red
meta-basin) indicates the glass transition Tg for the ”icosahedral-like“ MRO network.
cations. On the other hand, pure annealing treatments lead
only to changes in the relative MRO volume fractions and
sizes. Moreover, the combination of calorimetric and struc-
tural observations suggest that ”crystal-like“ MRO represent
a higher thermally stable state which may act potentially as
embryos or seeds for nucleation. This indicates the presence
of two different MRO networks84 composed of ”icosahedral“
and ”crystal-like“ regimes.
The PEL of a BMG represented by a complex hierarchy of
local minima is thus well-suited to explain our observations
assuming here the individual minima of the PEL to be associ-
ated with certain MRO networks (types).
C. Results in the context of a Potential Energy Landscape
(PEL)
The relaxation and structural modifications in BMGs
caused by either deformation or annealing are described
in terms of local and semi-global minima, called ”basins“
and ”meta-basins“, typically illustrated in two-dimensional
PELs85–89.
Annealing provides the necessary thermal energy for the sys-
tem to surmount local energy barriers and thus transform from
one local minimum into a deeper one within a meta-basin.
In contrast, deformation, as a directional way of increasing
the potential energy by strain, biases the entire PEL by warp-
ing the trajectories in 3(N-1) dimensions. Here N refers to
the number of atoms. As a consequence, the energy barriers
are significantly lowered under the external stimulus affording
transitions between individual meta-basins. This is now called
”inter meta-basins crossings“. Such minima exhibit a higher
thermal stability88,89 as observed here for the severe plastic
deformed and subsequently annealed BMG.
In this study, a combination of both deformation and subse-
quent annealing was applied resulting in the occurrence of an
exothermic peak. The corresponding PEL can be probed by
integral calorimetric methods such as DSC or PPMS and are
shown as integral projections on the right-hand side in Fig. 5.
Generally, DSC or PPMS quantifies always an averaged signal
over the whole volume.
However, FEM is sensitive to local structural features in
terms of MRO and its changes caused by deformation or
annealing. Using FEM the individual ”icosahedral-/crystal-
like“ MRO networks (types) were identified for the differ-
ent sample states. As a consequence, firstly, the ”crystal-
like“ MRO ordering is attributed to the exothermic peak and
secondly, the two MRO types are necessarily linked to dif-
ferent meta-basins. This is illustrated within the framework
of PELs by incorporating the corresponding external stimuli
(λ (ε, ε˙,T, T˙ , ...)) shown in Fig. 5.
The initial ”as-cast“ state is illustrated by the turquoise
background in Fig. 5. The material exhibits here a much larger
volume fraction of configuration B (”icosahedral-like“ MRO
network) characterized by the MRO volume fraction ΦB than
A (”crystal-like“ MRO network) characterized by the MRO
volume fraction ΦA. Deformation warps the PEL such that
a fraction of the ”icosahedral-like“ MRO network reaches a
8higher thermally stable meta-basin. This can also be inter-
preted as rejuvenation extending the current calorimetric def-
inition. Yet, for Pd40Ni40P20 rejuvenation by cryogenic ther-
mal cycling was not observed90. In Fig. 5 region A represents
a stable meta-basin (higher kinetic stability) within the glass
transforming at Tpoly = 648 K in the form of the exothermic
peak.
Moreover, region A in Fig. 5 may also resemble a first-order
transition of two amorphous phases (polyamorphism)66,70,72,
represented in our case by the two different MRO networks.
However, our data does not reveal a reentrant enthalpy change
towards an ultra-stable second supercooled liquid configura-
tion as reported for off-stoichiometric Pd41.25Ni41.25P17.561.
Our interpretation regarding a first-order transition is sup-
ported by a recent ab-initio MD simulations on composition-
dependent investigations of the Pd-Ni-P system91 as well as
by a Reverse Monte Carlo study61 claiming a MRO ordering
towards pre-nucleation sites in the form of ”crystal-like“ em-
bryos.
V. CONCLUSIONS
This work investigated the impact of severe plastic de-
formation by high-pressure torsion on the relaxation of the
glassy and supercooled liquid states of Pd40Ni40P20 using
DSC, low-temperature heat capacity measurements and FEM.
The changes in the calorimetric signals due to deformation
and subsequent heat treatments were analyzed and a corre-
lation between deformation (rejuvenation) and annealing (re-
laxation) was found in relation to MRO. An exothermic peak
was observed in the supercooled liquid region which could be
attributed to changes in the MRO types. These findings are
comprehended in a potential energy landscape scheme offer-
ing a new approach for MRO engineering of glasses.
SUPPLEMENTARY MATERIAL
See Supplementary Material for the extended data sets of
the variable resolution fluctuation electron microscopy acqui-
sition.
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